The medicinal properties and toxicity of aconitine in traditional Chinese medicine have caused widespread concern. In this study, we screened a highly specific and sensitive monoclonal antibody with an IC 50 of 3.65 ng/mL generated by immunizing mice and cell fusion, and the limits of detection of the ic-ELISA were 1.13 and 11.76 ng/mL. We then developed a colloidal gold test strip based on the antibody. For rapid detection of aconitine in herbs, the visual limit and detection limit of the test strip are 10 and 25 ng/mL, respectively; the results are obtained within 5 min and are visible to the naked eye. Therefore, the colloidal gold test strip is very suitable for on-site detection and quality screening of aconitine in Chinese herbal medicine.
Introduction medicine is developed (Xiaodong Li et al., 2017; Xiumei Li et al., 2018) , the content of aconitine in Chinese medicine must be strictly tested to avoid patient poisoning.
At present, reports on the detection of aconitine mainly rely on instrumental methods, such as HPLC, HPLC-UV, CE, GC-MS and LC-MS-MS (Jablonski, Schlesser, & Mariappagoudar, 2006; Wada, Bando, Kawahara, Mori, & Murayama, 1994; Wang, Yi, & Zhang, 1987; Yin, Guo, Du, & Wang, 2006) . However, these methods require large instruments, which are extremely expensive, and the sample preparation and analysis is time consuming. We established a rapid, sensitive method for the detection of aconitine, which is based on a highly specific monoclonal antibody against aconitine, and designed a test strip for visual detection of aconitine, which is inexpensive, provides rapid detection, and does not require any large instruments.
Materials and methods

Chemicals and instruments
Aconitine, ovalbumin (OVA), keyhole limpet hemocyanin (KLH), enzyme immunoassaygrade horseradish peroxidase-labeled goat anti-mouse immunoglobulin, 1-(3-dimethylaminopropyl)-3-ethyl-carbodiimide (EDC), 1-hydroxypyrrolidine-2,5-dione (NHS), succinic anhydride, and horseradish peroxidase were all purchased from Sigma-Aldrich (St. Louis, MO, USA). Other reagents and chemicals used were acquired from the National Pharmaceutical Group Chemical Reagent Co., Ltd. (Shanghai, China). Nitrocellulose (NC) high-flow-plus membrane (Pura-bind RP) was obtained from Whatman-Xinhua Filter Paper Co. (Hangzhou, China) . Sample pad (glass fibre membrane, GL-b01), polyvinylchloride (PVC) backing card, and absorption pad (SX18) were supplied by GoldBio Tech Co. (Shanghai, China).
The instruments used in this study included a UV-Vis scanner (Bokin instruments, Tsushima, Japan), a vortex machine (Shanghai Huxi Analysis instrument Factory Co., Ltd. Shanghai, China), and a Multiskan MKS microplate reader (Thermo LabSystems Inc. Beijing, China). A Bio Dot TSR3000 Membrane Strip Reader was acquired from Gene Co., Ltd. Shanghai Branch (Shanghai, China).
The buffer solutions used in this study were prepared with ultrapure water (Milli-Q purification system, Millipore Co., Bedford, MA, USA).
Antigen preparation
Aconitine (ACO) is a small molecule containing hydroxyl groups, thus to obtain mAb against ACO, it should be conjugated to the carrier proteins BSA/OVA via the hydroxyl group. However, the success rate of hydroxyl coupling to proteins is low, so we used the active ester method to convert the hydroxyl group into a carboxyl group, and used the carboxyl group to couple the ACO to protein (Xu et al., 2010) , as shown in Figure 1 . Briefly, ACO, succinic anhydride and 4-dimethylaminopyridine (DMAP) were dissolved in pyridine at a concentration of 20 mg/mL. ACO (500 μL), succinic anhydride (1.94 mL), and DMAP (3.94 mL) were allowed to react at 60°C for 12 h under stirring. Then ice water was added to the mixture to stop the reaction, and the mixture was dried under nitrogen. Next, water and chloroform were added to extract the mixture, the extraction was repeated three times, and the combined extracts were dried. To prepare ACO-EDC-KLH, the mixture was dissolved in DMF at 2 mg/mL, and EDC (0.64 mg), NHS (0.38 mg), and ACO solution (360 μL) were stirred at room temperature for 6 h, then the mixture was added dropwise to 5 mg KLH and reacted for 12 h at room temperature. Subsequently, the mixture was dialyzed against 0.01 M PBS for 3 days. Finally, we obtained the immunogen ACO-EDC-KLH, and synthesized the antigens ACO-EDC-OVA and ACO-EDC-BSA by the same method.
All the antigens produced were characterized by gel electrophoresis, and stored at −20°C.
MAb preparation
The immunization process in mice was the standard method carried out in our laboratory (Kong, Liu, Song, Kuang, & Xu, 2017; Li, Liu, Kuang, & Xu, 2019) . Briefly, the ACO-EDC-KLH antigen was used as the immunogen in healthy female BALB/c mice (6-8 weeks old). The mice were immunized by subcutaneous multipoint injection, using 100 μL per mouse. For the first immunization, Freund's complete adjuvant was used, and for booster immunizations, Freund's incomplete adjuvant was used. Each mouse received 100 μg of ACO-EDC-KLH for the first immunization and then 50 μg of ACO-EDC-KLH at intervals of three weeks. Blood samples were collected one week apart to analyze the serum titre and inhibition. Ic-ELISA was used to screen mice and the mouse with the highest serum antibody titre and the best inhibition was selected, and after sacrifice its spleen was used for cell fusion.
Cell fusion
The cell fusion process was as described previously (Lei et al., 2018; Wang et al., 2019) . Three days after the final immunization, the mouse spleen cells and myeloma cells were fused by the PEG 4000 method, then the hybridoma cells were selected using selective medium (HAT medium), and cell culture was carried out using HT medium. After one week of fusion, the wells containing positive cell were detected by ic-ELISA, and the inhibitory effect of the positive cell wells was further determined by ic-ELISA. The well-inhibited positive cell wells were subcloned by the limiting dilution method, and then detected and picked again after one week. After three rounds of subcloning, a monoclonal hybridoma cell line 5D1 capable of secreting ACO-specific antibodies was obtained. The ic-ELISA were performed as previously described (Chen et al., 2019) .
Specificity of the mAb
Monoclonal antibody specificity was assessed by measuring cross-reactivity (CR) with Indaconitine, Lappaconitine, Aconitumtalassicum, Bulleyaconitine A, and Aconitine 3acetate, and analyzed using ic-ELISA. The CR value was calculated using the following formula (Berlina, Zherdev, Xu, Eremin, & Dzantiev, 2017; Isanga et al., 2017) :
Preparation of colloidal gold nanoparticles
We prepared colloidal gold particles for antibody labelling. Briefly, 25 mL of 0.1 g/L chloroauric acid was heated to boiling under stirring, and 1% (w/v) trisodium citrate (1 mL) was added, stirred for 10 min until the colour of the solution turned to wine red, then cooled to room temperature under constant stirring, and stored at 4°C. Transmission electron microscopy (TEM) examinations revealed that the gold nanoparticles had a uniform particle size of 20 nm. All solvents were prepared in ultrapure water and filtered through a transfer membrane.
Preparation of gold nanoparticle-labeled mAb
The ACO mAb was labelled with gold nanoparticles in our laboratory according to the method previously described (Lu, Wei, Liu, Song, & Hua, 2018; Yue, Liu, Song, & Hua, 2017) . Briefly, the colloidal gold solution was adjusted to pH 7 with 0.1 M K 2 CO 3 , and 10 μg of the ACO mAb was added to 1 mL colloidal gold solution. The mixture was incubated for 30 min at room temperature, then 50 μL of 10% (w/v) BSA was added and mixed at room temperature for 2 h. Finally, the product was centrifuged for 45 min at 7000 rpm, and the precipitate was washed three times with 0.02 M PBS (pH 7.4) containing 5% sucrose, 1% BSA, and 0.5% PEG 6000. The conjugated product was dissolved in 5 mL of 0.02 M PBS containing 0.02% NaN 3 , 0.1% PEG, and 0.1% Tween, then stored at 4°C until further use.
Preparation of the lateral-flow ICA test strip
The detection antigen and goat anti-mouse IgG were sprayed onto the NC membrane to create the test line and quality control line, respectively. The films were then dried at 37°C for 12 h. The sample pad, NC membrane and absorption pad were assembled on the PVC backing card as shown in Figure 2(a) . When the sample did not contain ACO, the test line appeared red. When the ACO content in the sample was greater than 25 ng/mL, the test line appeared colourless (Figure 2(b) ). The control line should always show red regardless of the presence of ACO in the sample.
Detection of ACO in samples
Aconitine is mainly found in Aconitum plants of the Ranunculaceae family. We chose to use Chuan Mutong, which belongs to the Ranunculaceae family but is a member of the genus Clematis, as a negative sample (Gao et al., 2016) . First, the Chinese herbal medicine Chuan Mutong was crushed, and eight samples of 2 g of powder were weighed into centrifuge tubes, then ACO standards were added to these centrifuge tubes at 0.01, 0.025, 0.05, 0.1, 0.25, and 0.5 μg/g. The sample without ACO was used as the negative control. The extraction process was as follows: 5 mL of 1 M HCl was added to the centrifuge tube, sonicated for 15 min, centrifuged at 8000 rpm for 10 min, then the supernatant was removed and extraction was repeated once again, and the supernatants were combined and mixed. An aliquot of 1 mL solution was removed, the pH was adjusted to 7 with 2 M NaOH, and diluted to 2 mL. Taken an appropriate amount of Fuzi Lizhong Pills, broken to powder, and weighed 3 g sample into centrifuge tubes, added 2 mL ammonium hydroxide, mixed well, let it stood for 2 h, then added 10 mL ether, shaken for 1 h, taken the supernatant, repeated the extraction twice, combine the supernatants to dry, reconstituted 3 ml of methanol, and passed through 0.22 μm filter membrane, and measured on the HPLC-QTOF and test strip.
Results and discussion
Characterization of antigen and mAb
We derivatized the hydroxyl group of ACO into a carboxyl group by the reactive ester method, and coupled it to a carrier protein through the carboxyl group.
The hapten was identified by UPLC-TOF (Figure 3) , and the molecular weight of ACO was 645.74 g/mol; when the hydroxyl group was derivatized to a carboxyl group, the molecular weight became 745.82 g/mol. This demonstrated that the hapten ACO-COOH was successfully synthesized.
We characterized the antigens ACO-EDC-OVA and ACO-EDC-BSA by gel electrophoresis. As shown in Figure 4 , the band of ACO-EDC-OVA obviously lagged behind the band of OVA, while the band of ACO-EDC-BSA obviously lagged behind the band of BSA. These results confirmed the successful coupling of the coating antigens. The molecular weight of KLH is too large to be identified by gel electrophoresis, but since we used the same coupling method as for the coating antigens, we believe that it was also coupled successfully.
Mab characterization
After cell fusion and screening, we selected mAb 5D1, and we used ic-ELISA to assess the IC 50 , detection limit (LOD) and CR values of mAb 5D1. We optimized the content of NaCl, PH, coating time, and blocking time, and obtained the best conditions were NaCl 0.8%, pH 7.5, coating time 2 h, and blocking time 2.5 h, on this basis the standard curve (R 2 = 0.987; Figure 5 ) shows the IC 50 and linear range as 3.65 ng/mL and 1.13-11.76 ng/mL, respectively. Table 1 shows the CR values of mAb 5D1 with its structural analogs, confirming that this antibody has good specificity. 
Optimization of the test strip
Two coating antigens (coating 1: ACO-EDC-BSA; coating 2: ACO-EDC-OVA) were evaluated. The coating concentration, as shown in Figure 6 , was 0.2 mg/mL, and 0 and 50 ng/ mL ACO standard was added to Pad 1 and Pad 2, respectively. Since the T line of coating 2 was too faint, we chose to use coating 1 for subsequent experiments.
In addition, we also optimized the amount and concentration of gold-labeled antibody. The amount of gold-labeled antibody we used was 1 mL of gold nanoparticles with 4 µL K 2 CO 3 and 8 or 10 µg/mL antibody. Coating concentration was 0.2 or 0.5 mg/mL. The amount of gold-labeled antibody used for Pad 1 and Pad 2 was 8 µg/mL, while for Pad 3 and Pad 4 it was 10 µg/mL. As shown in Figure 7 , to Pad 1 and Pad 3 we added 0 ng/mL ACO standard, while to Pad 2 and Pad 4 we added 25 ng/mL ACO standard. When the amount of gold-labeled antibody was 8 µg/mL, the T-line was clearer, so we chose to use 1 mL of gold nanoparticles with 4 µL K 2 CO 3 and 8 µg/mL antibody. When the coating antigen concentration was 0.5 mg/mL, the colour of the T line was too dark, which affected the sensitivity, so we chose to use a coating concentration of 0.2 mg/mL for the sample test experiment.
Sensitivity of the immunochromatographic strip
Under optimal conditions, the sensitivity of the immunochromatographic strip was evaluated by diluting different concentrations of ACO standard with 0.01 M PBS (Figure 8 ). As the ACO concentration increased, the colour of the T line became weaker. The lowest detectable line visible to the naked eye was 5 ng/mL. When the concentration was 10 ng/ mL, the T line was colourless.
Detection of ACO in herbal preparations
Under optimal conditions, seven samples of Chuan Mutong were tested for ACO using ICA test strips, and samples without ACO were used as negative controls to observe the colour on the T line ( Figure 9 ). As the ACO concentration increased, the colour of the T-line became lighter, until when the concentration of ACO was 25 ng/mL, the T line disappeared. The visual LOD and cutoff values of the test strip were 10 and 25 ng/mL, respectively. These results indicated that the antibody strip based on antibody 5D1 could be used for the detection of ACO in Chinese herbal medicine. Because the ICA . Pad 1 = 0 ng/mL, Pad 2 = 1 ng/mL, Pad 3 = 2.5 ng/mL, Pad 4 = 5 ng/mL, Pad 5 = 10 ng/mL, Pad 6 = 25 ng/mL, and Pad 7 = 50 ng/mL. test strip we developed was sensitive, accurate, fast, and very easy to use, the test strip is ideal for on-site screening of samples, and is especially suitable for the detection of ACO in a large number of samples. The content of aconitine in Fuzi lizhong pills was determined by HPLC-QTOF to be 0.54, 0.52, 0.51 µg/g, the average value was 0.523 µg/g. The extract was diluted to 50, 100, 150, 200, 250, 300, and 400 ng/mL by PBS. We tested these diluted samples with ICA test strip, the test results were shown in Figure 10 . In the pad 6, the test line completely disappeared, and the test line in pad 3 started to lighten compared to the colour in pad 1. So the lowest detection line in the Fuzi lizhong pills was100 ng/mL, and the visual LOD and cutoff values of the test strip were 100 and 250 ng/mL, respectively. We found the sensitivity was worse compared to the added sample, because the matrix interference of the proprietary Chinese medicine was greater than that of a single traditional Chinese medicine.
Conclusions
In this study, the highly specific and sensitive monoclonal antibody 5D1 was screened by ic-ELISA and found to have an IC 50 of 3.65 ng/mL. Based on this antibody, a method for detecting ACO using an ICA test strip was established. The sensitivity of the test strip was 5 ng/mL by the naked eye. In herbal samples, the cutoff value of the ICA strip was 10 ng/ mL, and in Fuzi lizhong pills, the cutoff value was 100 ng/mL. This test strip is effective for screening simple and complex samples. Our results show that the mAb-based test strips we developed are effective for on-site testing of herbal medicines and screening of large numbers of samples.
Disclosure statement
No potential conflict of interest was reported by the authors. 
